Growth heterogeneity within microbial populations has been thought to increase fitness by allowing some cells to survive an unpredictable change to a harsh environment. A new study demonstrates that heterogeneity can increase fitness even in the absence of environmental changes.
Genetically identical microbial populations display heterogeneity in their morphology, the composition of their cellular components, and, most strikingly, their growth dynamics [1] [2] [3] [4] . A major challenge in evolutionary biology is understanding what role, if any, this heterogeneity plays in increasing population fitness. Previous work has demonstrated that growth heterogeneity can serve as a bet-hedging mechanism, providing a benefit to the population across changing environments. However, it has remained unclear if bet-hedging is the only potential benefit. A new study by Cerulus and colleagues [5] reported in this issue of Current Biology shows that growth heterogeneity can be beneficial even in a constant environment, and that both the extent of cell-to-cell variance and epigenetic heritability play a role in determining a population's fitness.
Fitness is a central concept in evolutionary biology that is generally defined as the number of progeny a genotype can produce in a given period of time. In competing populations of cells, such as microbes, fitness has historically been measured by observing the aggregate number of progeny produced by a large number of genetically identical cells grown in an ostensibly identical environment. However, accumulating evidence suggests that, even within these populations, growth is highly variable [3, 4, [6] [7] [8] . While many cells divide at a rate that is consistent with the population aggregate, some do not, resulting in subpopulations of cells that, at least temporarily, maintain a faster or slower growth rate.
The reasons why a population of genetically identical cells would maintain growth variants has been the subject of increasing attention [3, 4, [6] [7] [8] [9] [10] . Because slow-growing variants have been more commonly observed, and sometimes constitute a sizable fraction of the population [4, 11] , it has always been assumed that growth rate heterogeneity would have a net negative effect on the aggregate fitness in the environment in which it appears [12, 13] . This has led to a number of studies exploring the possibility that slow-growing cells act as part of a bet-hedging mechanism that allows the population to survive an unpredictable shift to a harsh environment [14] . In a bet-hedging scenario, slowgrowing cells would decrease the population fitness in a benign environment, but become the most likely survivors in a harsh environment, dramatically increasing the population fitness there. Thus, a heterogeneous population would be less fit in the short-term, but outcompete a non-heterogeneous population over a longer time frame that includes shifts to harsh environments. Indeed, numerous studies have found that slow-growing cells are more resistant to environmental stress [3, 4, 7, 15, 16] and can be selected for [6, 17] . However, direct evidence that bet-hedging is the ultimate selective force resulting in growth heterogeneity has been sparse [4, 18] .
Cerulus and colleagues [5] provide evidence for a second potential benefit of growth rate heterogeneity that, importantly, acts even in the absence of environmental shifts. Using time-lapse microscopy, they carefully measured the single cell division times of large numbers of Saccharomyces cerevisiae cells over two generations. S. cerevisiae divide asymmetrically by budding, so for each initial cell, the division times of two mothers and two daughters could be Current Biology estimated. This analysis was repeated for thousands of cells across multiple strains and growth conditions. For each strain and environment combination, the authors could estimate the division time variance of mothers and daughters, and the extent to which division time is heritable from mother to daughter. Confirming previous observations [4, 11] , the extent of growth variability depended on both the yeast strain and the environment. Interestingly, Cerulus et al. found that the heritability also changes. In some cases, mother and daughter division times were tightly correlated, while in others, there appeared to be no correlation at all.
To understand how differences in division time variance and heritability would impact the overall population fitness, Cerulus et al. next built several individual-based mathematical models that included or excluded the impacts of division time variance and heritability.
Counterintuitively, these models showed that increasing the variance in division times can increase the population fitness even in the absence of any heritability (Figure 1) . A slow-dividing cell will exist in the population for longer than a fast-dividing cell before beginning its next cell cycle. Therefore, given that production of slow-and fast-dividing cells is equally probable, slow-dividing cells will be more abundant at steady state. However, this does not mean that slowdividing cells will have a greater impact on the mean fitness. The main reason is that a fitness contribution to the population is only made when a cell finishes its cell division and makes a new cell. Because population fitness is calculated per unit time, and fasterdividing cells finish more cell divisions per unit time, these cells will have an outsized impact on the population fitness. Therefore, as growth variance increases, so should the population fitness. To test this hypothesis, Cerulus et al. next carefully measured the aggregate population fitness for each strain and growth condition combination, and compared this to the population fitness that would be expected from numerical simulations that either exclude or include the impact of division time variance, and exclude any impact of heritability. They found that ignoring the impact of division time variance would often underestimate the true population fitness, meaning that, at least for yeast grown in the lab, variability in growth rate does indeed increase the fitness.
Cerulus et al. next studied the impact of epigenetic inheritance on the population fitness by comparing models that included or excluded its effect. While for many strains division time inheritance had a negligible impact on the population fitness, for a handful of strains higher heritability significantly increased the population fitness. An explanation for how increased heritability results in a higher population fitness is shown in Figure 2 . A major effect is that fastdividing cells are more likely to produce other fast-dividing cells and, because fast-dividing cells turn over at a higher rate, they grow in number relative to low-turnover slow-dividing cells. Using the analogy of Figure 1 , the net effect is that more fast-dividing cells will exist on the 'highway' (in the population) and these will drive the population fitness up. Following this logic, greater heritability will result in greater enrichment of fastdividing cells and a higher population fitness. In the extreme of perfect or near perfect heritability of, for example, genetic inheritance, the population fitness will quickly converge on the highest fitness.
The findings by Cerulus et al. raise intriguing questions surrounding cellular heterogeneity in microbial populations. One relates to the ultimate evolutionary explanation as to why heterogeneous growth phenotypes are maintained. The majority of theory and experiment to date has focused on the potential of slow-growing cells to confer a long-term advantage via bet-hedging, with some indications that mutations that confer these traits could fix in the population [19, 20] . Cerulus et al. highlight the importance of the fast-growing cells and show that mutations that non-specifically increase the division time variance could Increasing population fitness Figure 2 . The impact of heritability on population fitness.
A toy model of a yeast population that contains three growth phenotypes. In the absence of phenotypic heritability (top) and at steady state, slow-growing cells will be more abundant but fast-growing cells will have a greater per cell contribution to the population (Figure 1 ). Inclusion of epigenetic phenotypic heritability (middle, e.g. a fast-growing cell is more likely to produce fast-growing progeny) diminishes the enrichment of slow growth phenotypes because fast-growing cells are produced at a higher rate. This can result in an altered steady state distribution and a higher population fitness. Under perfect or near-perfect heritability of, for example, genetic mutations (bottom), the fast growing phenotype will eventually dominate the population, with the mean fitness converging toward its fitness.
also survive selection and fix in the population. Thus, rather than serving as part of a bet-hedging mechanism, some fraction of slow-growing cells may simply be a byproduct of selection for higher variability. However, more work is necessary in order to prove this. showed that high heritability sometimes results in higher population fitness in a constant environment, an intriguing possibility is that it decreases the population fitness advantage conferred by bet-hedging over fluctuating environments. For example, slowgrowing cells with high heritability would take longer to transition to fast-growing states following a harsh environment shift. Thus, it is possible that the extent of epigenetic heritability is in a tug-of-war between these two competing mechanisms by which cell populations maximize fitness.
